The study of adaptive genetic variation in natural populations is central to evolutionary biology. Quantitative genetics methods, however, are hardly applicable to long-lived organisms, and current knowledge on adaptive genetic variation in wild plants mostly refers to annuals and short-lived perennials. Studies on long-lived species are essential to explore possible life-history correlates of genetic variation, selection, and trait heritability. In this paper, we propose a method based on molecular markers to quantify the genetic basis of individual phenotypic differences in wild plants under natural conditions. Rather than focusing on inferring individual relatedness to estimate the heritability of phenotypic traits, we directly estimate the proportion of observed phenotypic variance that is statistically accounted for by genotypic differences between individuals. This is achieved by (i) identifying loci that are correlated across individuals with the phenotypic trait of interest by means of an amplified fragment length polymorphism (AFLP)-based explorative genomic scan, and (ii) fitting multiple regression and linear random effect models to estimate the effects of genotype, environment and genotype × environment on phenotypes. We apply this method to estimate genotypic and environmental effects on cumulative maternal fecundity in a wild population of the long-lived Viola cazorlensis monitored for 20 years. Results show that between 56-63% (depending on estimation method) of phenotypic variance in fecundity is accounted for by genotypic differences in 11 AFLP loci that are significantly related to fecundity. Genotype × environment effects accounted for 38% of fecundity variance, which may help to explain the unexpectedly high levels of genetic variance for fecundity found.
Introduction
Evolutionary processes are largely driven by the tension between the factors that originate or maintain heritable variation of fitness-related traits and the opposing forces that erode such variation, particularly natural selection. Evaluating the magnitude and distribution of adaptive (i.e. non-neutral, related to fitness) genetic variation within and between populations, its relationship to phenotypic differences, and the factors contributing to maintain it, are thus central themes in evolutionary biology. The study of genetic variation and its relationship with phenotypic differences is relatively straightforward in artificially assembled populations made up of captive individuals of known pedigree and kept under controlled environmental conditions. Practical and conceptual complications, however, become legion when the same issues are to be addressed in natural populations (Roff 1997; Lynch & Walsh 1998; Merilä & Sheldon 1999; Leinonen et al. 2008; Pujol et al. 2008) , mainly because of the difficulties inherent to genotyping unpedigreed wild individuals. Such difficulties have been traditionally overcome by the use of quantitative genetics methods, which typically rely on artificially breeding individuals of known pedigree through controlled crosses between field-collected progenitors of known phenotypes, and exposing experimental populations to controlled environments (Roff 1997; Lynch & Walsh 1998) .
Correspondence: Carlos M. Herrera, Fax: +34 954 62 11 25; E-mail: herrera@cica.es There appears to be no substitute for pedigree-based, classical quantitative genetics methods in the foreseeable future as the best way of obtaining precise estimates of the magnitude and sources of genetic variation that underly phenotypic traits of interest in wild nonmodel organisms. Unfortunately, however, not all organisms are equally amenable to these methods. Among plants, long-lived species that cannot be cloned or propagated vegetatively, such as many trees, shrubs and herbaceous perennials, stand out as a prominent group for which quantitative genetics methods based on experimental crossing schemes are impractical. Consequently, efforts to elucidate natural patterns of adaptive genetic variation in wild plants have inevitably concentrated on annuals and short-lived perennials, and relatively little is known for long-lived species (e.g. Geber & Griffen 2003 ). An important implication of this life-history bias is that current knowledge on patterns of adaptive genetic variation in wild plants might itself be biased if the features that render species amenable to quantitative genetics methods are themselves correlated with the patterns and magnitude of adaptive genetic variation. This is not an unplausible possibility given, for example, the mounting evidence that evolutionary rates in plants are linked to life history, and particularly to lifespan (Andreasen & Baldwin 2001; Smith & Donoghue 2008) . Studies on a broader range of long-lived species are therefore essential to explore possible life-history effects on patterns of adaptive genetic variation, selection, and heritability (Geber & Griffen 2003) .
In parallel to the increased availability of molecular markers, increasing attention has been paid in recent years to the development of alternative methods that can be applied to the analysis of adaptive genetic variation in unpedigreed wild populations (Garant & Kruuk 2005) . These methods have mostly focused on estimating the heritability of phenotypic traits by assessing the strength of the statistical relationship between phenotypic similarity and estimates of genetic relatedness between individuals inferred using genetic markers (Ritland 1996 (Ritland , 2000 (Ritland , 2005 Fernández & Toro 2006) , although few studies have so far applied them to real situations (Ritland & Ritland 1996; Andrew et al. 2005; van Kleunen & Ritland 2005) . In this paper, we propose a different approach to quantify the genetic basis of individual phenotypic variation in wild plants under natural conditions. Rather than targetting at estimating the heritability of the phenotypic trait of interest by inferring the relatedness of individuals and then relating it to their phenotypic similarity (Garant & Kruuk 2005) , we will directly proceed to estimate the proportion of observed phenotypic variance that can be statistically accounted for by adaptive genetic differences between individuals, elucidated through a variant of explorative genomic scan tailored for within-population use. The method will be applied to estimate the magnitude of genetic and environmental effects on the long-term, cumulative maternal fecundity of individuals of the long-lived violet Viola cazorlensis growing under natural conditions and monitored for 20 years.
Genomic scans are useful to identify functional genetic polymorphisms that are related to phenotypic traits of interest (Luikart et al. 2003; Beaumont 2005; Storz 2005; Vasemägi & Primmer 2005; Bonin et al. 2006) . Although these methods provide a strategy in which the genetic basis of adaptation can be considered directly at the genome level without prior knowledge about the phenotypes, the incorporation of phenotypic information makes them particularly powerful (Herrera & Bazaga 2008) . In this study, we perform a genome screening to identify genomic regions (amplified fragment length polymorphism, AFLP fragments or 'loci') whose variation across individuals of the same population is significantly related to their phenotypic differences in long-term cumulative fecundity. These loci can be assumed to have a direct functional effect on fecundity, or to be closely linked to loci having such effects, and for convenience will be termed here 'adaptive loci' because of their association with variation in fecundity, a phenoypic trait closely related to fitness. Multiple linear regression and mixed linear models will then be applied to (i) test for the additive nature of the effects of adaptive AFLP loci on fecundity, and (ii) assess the proportion of total phenotypic variance in fecundity that is (statistically) accounted for by individual genotypic differences as measured using adaptive AFLP loci. Viola cazorlensis plants may occur in several substrate types that differ in important ecological features (Herrera 1989 (Herrera , 1993 ; see Study area and field methods below). Taking advantage of this fact, we will use substrate type as a surrogate for the environment faced by individual plants, which will allow us to evaluate the effects of genotype, environment, and genotype × environment on fecundity under natural field conditions.
Materials and methods

Study species
Viola cazorlensis (Violaceae) is a perennial, suffruticose violet endemic to a few contiguous limestone mountain ranges in southeastern Spain, where it occurs as small, discrete populations associated with rocky outcrops, cliffs, and 'islands' of sandy soils originating from heavily weathered dolomitic limestone between 900-2100-m elevation. In the Sierra de Cazorla, where the present study was conducted (see below), the species occurs as widely disjunct, discrete local populations generally separated by a few kilometers of unsuitable habitat (various types of coniferous and mixed forest). Flowers have pinkish-purple corollas, a long and thin spur, and are pollinated by the day-flying hawkmoth Macroglossum stellatarum (Lepidoptera, Sphingidae). Adult plants are generally small (mean of longest diameter = 13.7 cm), and produce very few flowers and fruits annually (mean = 3.6 flowers and 1.7 fruits per plant·year). All reproduction takes place by seeds, which lack special dispersal mechanisms. Direct data on the longevity of V. cazorlensis plants are not available. In the set of 75 adult plants marked at the beginning of this study (see Study area and field methods below), mean survival time (± SE) over 1988-2008 was 19 .7 ± 0.5 year (Kaplan-Meier survival estimation, analyses not shown). Since all plants were already adults when marked, their lifespans will exceed that average. It seems safe to assume, however, that our 20-year study encompassed a substantial portion of the lifetimes of marked plants, and that cumulative fecundity estimates for individual plants over the study period are correlated with lifetime fecundities. Additional details on the ecology and genetics of V. cazorlensis can be found in Herrera (1989 Herrera ( , 1990a Herrera ( , b, 1993 and Herrera & Bazaga (2008) .
Study area and field methods
This study was conducted during in a large population of V. cazorlensis located at 1290-m elevation in La Cruz de Quique, Sierra de Cazorla (Jaén province, southeastern Spain). The vegetation of the area is open pine (Pinus nigra and Pinus pinaster) forest with an understorey of Juniperus phoenicea treelets and a sparse xerophytic shrub layer dominated by Echinospartum boissieri and Rosmarinus officinalis. Changes in the vegetation of the study area during the course of this study were nearly imperceptible, and mainly involved a weak reduction in percentage area of bare sandy soil and a slight increase in percentage cover of the shrub layer. The substrate of the site is a complex mosaic made up of large bare rocks at ground level, small cliffs (2-4 m in height), and pockets of loose, coarse-grained, limestone-derived sandy soils. Viola cazorlensis plants occur on all these substrate types. Three substrate categories were recognized for this study, namely pockets of sandy soil ('ground' hereafter), crevices of bare rocks at ground level ('rocks'), and crevices in vertical or overhanging cliffs > 2 m in height ('cliffs'). Substrates differ in ecological features including timing and duration of insolation, overtopping by competing or protective shrubs, severity of water stress, and incidence of vertebrate and invertebrate herbivores (Herrera 1989 (Herrera , 1993 . This provides biological justification for using substrate type as a proxy to investigate environmental effects on fecundity.
In April 1988, a random sample of 75 reproductive individuals of V. cazorlensis was chosen and marked with permanent tags before the start of flowering in the population. Marked plants were distributed over an area of approximately 1300 m 2 , and grew on all substrate types available at the site. These individuals were subsequently surveyed during the flowering and fruiting season (April-June) of every year until 2008, and the number of flowers and fruits produced by each plant were recorded. A total of 23 marked plants (30.7%) died from natural, albeit unknown causes over the 20-year study period. Information on the long-term fecundity and genetic characteristics of the 52 individuals that remained alive in the spring of 2008 provides the basis for the present study. Fecundity data consist of a 20-year-long series of yearly fruit production for each of the 52 study plants. During 1988 During -1991 , the mean number of seeds per capsule was estimated every reproductive season from subsamples of capsules collected shortly before dehiscence and examined under a dissecting microscope. A close correlation existed across marked plants between the number of fruits and seeds produced (r = 0.953, N = 75 plants, P < 0.0001). Only the number of fruits produced per plant in each season was subsequently recorded during [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] , and the total number of fruits produced over 1988-2008 by each plant was used as an estimate of its long-term, cumulative individual fecundity. All plants were measured (length of the longest canopy axis) at the beginning of the study, and again in 1991, 1999 and 2003 . Average figures will be used to characterize the size of individual plants.
AFLP analyses
In April 2008, fresh leaf material was collected from each of the 52 study plants and dried immediately at ambient temperature.Total genomic DNA was extracted from approximately 35 mg of ground leaf material using DNeasy Plant Mini Kit (QIAGEN) and the manufacturer protocol. The AFLP analysis was performed essentially as originally described by Vos et al. (1995) , with modifications involving the use of fluorescent dye-labelled selective primers following Applied Biosystems (2005) . We used eight EcoRI + 3/ MseI + 3 and eight PstI + 2/MseI + 3 primer combinations, chosen from a broader sample of combinations previously assayed in a pilot study. For each combination of restriction enzymes, the primer pairs providing the most reliable, consistently scorable results were chosen (Table 1 ). Mounting evidence indicates that AFLP markers obtained using EcoRI and PstI as rare cutters may differ widely in distribution and degree of clustering across plant genomes (Castiglioni et al. 1999; Vuylsteke et al. 1999; Young et al. 1999; Yuan et al. 2004; Ojha 2005) . We used these two restriction enzymes to increase the chances of hitting genome segments functionally related to fecundity.
Each of the 52 study plants was fingerprinted using the 16 combinations chosen. Fragment separation and detection was made using an ABI PRISM 3100 DNA sequencer. The presence or absence of each marker in each individual plant was scored manually by visualizing electrophoregrams with GeneMapper 3.7 software. All scoring was blindly carried out by the same person (P.B.), who during the process lacked any information on location, size, or any other characteristic of individual plants. Only fragments ≥ 150 bp in size were considered, as a way of reducing the potential impact of size homoplasy (Vekemans et al. 2002) . Genotyping error rates were determined for each primer combination by running repeated, independent analyses for a total of 28 individual plants, and estimated as the ratio of the total number of loci with discordant scores (all individuals combined) to the product of the number of individuals by the total number of scored loci (Bonin et al. 2004) . Results are shown in Table 1 . Error rates varied among primer combinations, ranging between 0.5-3.7% for individual PstI combinations (mean ± SE = 1.59 ± 0.40%), and between 0.3-7.4% for EcoRI combinations (3.52 ± 0.77%). The mean value (± SE) for the whole set of 16 combinations was 2.55 ± 0.49%. These figures are similar to recent estimates of genotyping error rates in AFLP studies of plants (Bonin et al. 2004 (Bonin et al. , 2007 Jump et al. 2008; Parisod & Christin 2008) .
Data analyses
The simplest way for evaluating possible links between genotype and quantitative traits is to search for significant associations across individuals between molecular markers and phenotypic values, an approach generally known as linkage disequilibrium mapping (Mackay 2001; Olsen & Purugganan 2004) . Although this method has been generally used to infer associations betwen quantitative trait loci (QTL) and phenotypic traits, the same underlying principles can motivate genome screenings aimed at identifying putative functional associations between individual variation in anonymous DNA markers and phenotypic traits. In natural populations, however, significant marker-trait associations are not necessarily attributable to linkage, but can also arise from admixture between subpopulations that have different gene frequencies at marker loci and different trait values (Mackay 2001) . Before searching for relationships between fecundity and individual genotypes, a preliminary analysis was undertaken to examine the possibility that the V. cazorlensis plants studied were a genetically heterogeneous mixture. This was explored by applying to the data the Structure 2.2 program Pritchard et al. 2007 ). We performed 10 replicates of each simulation from K = 1 to 5, with a burn-in of 50 000 and 100 000 post burn-in Markov chain Monte Carlo (MCMC) iterations, assuming admixture and correlated allele frequencies. The most likely number of populations represented in our sample was determined by examination of the estimates of model log likelihood [log P(X|K)]. These analyses showed that marked plants formed a single panmictic unit without detectable genetic substructuring (results not shown).
We searched for AFLP loci associated with individual differences in cumulative fecundity over the 20-year study period by running separate logistic regressions for each locus, using band presence as the dependent binary variable, and the total number of fruits produced during 1988-2008 ('fecundity' hereafter) as the independent one, log transformed to achieve normality (P = 0.38, Shapiro-Wilk normality test for log-transformed fecundity data). Analyses were conducted with SAS procedure Logistic (SAS Institute 2004) , and the P values obtained from likelihood ratio tests were used to identify statistically significant locus-fecundity relationships after properly accounting for the large number of simultaneous significance tests performed (see below). Likelihood-ratio tests, that are more powerful and reliable for moderate-to-small sample sizes as those of the present study (Agresti 2007) , were used to assess the statistical significance of logistic regressions. In addition to obtaining maximum likelihood regression parameter estimates and standard errors with procedure LOGISTIC, significant loci-fecundity relationships were corroborated with Bayesian statistics. Logistic regression parameter estimates and 95% credible intervals were obtained using the Gibbs sampling implemented in SAS procedure BGENMOD (SAS Institute 2006), with burn-in = 50 000, MCMC = 500 000 and thinning interval = 1000.
Given the large number of logistic regressions involved in the screening for AFLP score-fecundity relationships, a distinct possibility exists of obtaining by chance an unknown number of false significant regressions (i.e. committing type I errors). We applied Storey & Tibshirani's (2003) q-value method for estimation of false discovery rates to the set of P values for individual loci obtained from likelihood-ratio tests of logistic regressions. The q-value obtained for a given locus is the expected proportion of false-positives incurred for the whole set of regressions when the logistic regression for that particular locus is considered as statistically significant. Using the Qvalue package (Storey & Tibshirani 2003) , we calculated the q-values for all the locus-fecundity regressions, ranked them, and found the largest q-value leading to an expectation of less than one falsely significant regression [i.e. q-value × (number of regressions accepted as significant) < 1]. In this way, we enhanced the statistical power for detecting as many significant regressions as possible while keeping with the deliberately conservative constraint of avoiding any false-positive.
Two complementary statistical approaches were adopted to evaluate the effects of AFLP loci significantly related to fecundity ('adaptive loci' hereafter). A multiple linear regression was fitted to individual plant data using SAS procedure REG, with fecundity as the dependent variable and all adaptive loci as independent ones, coded as binary scores. In multiple regression, a response variable (y) is predicted on the basis of an assumed linear relationship with several independent variables (x i ), and the extent of the relationship between y and the x i variables is assessed with the multiple correlation coefficient R. Adjusted R-square from the regression was interpreted as a direct estimate of the proportion of phenotypic variance in fecundity jointly explained by the additive, linear effects of adaptive loci scores. In addition, a random effect model was fitted to individual plant data to simultaneously estimate the genotype (as described by the set of adaptive loci), environment (substrate type), and genotype × environment effects on fecundity. To make the data amenable to this analysis, the dimensionality of the multilocus genotype of individual plants based on adaptive loci was reduced to a continuous two-dimensional representation. A matrix of pairwise linear genetic distances between individuals based on adaptive loci scores was computed with Genalex 6.1 (Peakall & Smouse 2006 ) using a band-based, simple-matching coefficient (Bonin et al. 2007) . A principal coordinate analysis (PCO) was then performed on this distance matrix, and the coordinates of individual plants on the first two axes used as continuous descriptors of genotypes with respect to the adaptive loci related to fecundity. Variance components were estimated by fitting a linear model to individual fecundity data using SAS procedure MIXED with REML estimation and substrate, genotype, and genotype × substrate as independent variables, all treated as random effects. The covariance structure used to fit the model (VC or 'variance components' type in SAS terminology) assumed a different variance component for each random effect in the model. Heteroscedasticity in fecundity across substrates can bias asymptotic significance tests of variance components. Standard errors and confidence limits for estimates of percentage variance components were obtained by bootstrapping, with 10 5 generations and the standard percentile method. Our analytical approach to test genotype × environment interactions was conceptually similar to the two-way anova method commonly used in experimental quantitative genetics studies (Lynch & Walsh 1998 ; see also Littell et al. 2006, p. 88) . Nevertheless, given the mixture of quantitative (genotypes) and qualitative (substrate) independent variables in the random effects model, our assessment of the interaction effect relied on a homogeneityof-slopes test in an ancova framework. Because we are interested in evaluating sources of naturally occurring variance in fecundity in the original measurement scale (i.e. number of fruits), and to avoid distortions of the genotype × environment effect arising from data transformation (Stanton & Thiede 2005) , the random effects model was fitted to untransformed fecundity data.
Results
Levels of polymorphism
The 16 primer combinations assayed produced a total of 599 AFLP fragments ('loci' hereafter) in the range 150-500 bp that could be unambiguously scored for the 52 plants studied. Both the number of scorable loci (range = 22-52) and levels of polymorphism (range = 50.0-86.4%) varied among primer combinations (Table 1) . EcoRI-and PstI-based combinations did not differ significantly in either number of loci or percentage of polymorphism per combination (P = 0.94 and 0.86, respectively; Wilcoxon two-sample tests). Loci that were monomorphic for the entire data set, and those present in < 2% or > 98% of individuals, were excluded from all subsequent analyses. Our final data set consisted of a total of 365 polymorphic loci scored for each of the 52 individual plants. All individuals exhibited unique AFLP profiles.
Individual fecundity
Study plants differed widely in cumulative fecundity over the period , ranging between 0-209 fruits (median = 13.5 fruits, mean ± SE = 29.0 ± 5.6 fruits, N = 52 plants). As documented in detail for this population by Herrera (1989 Herrera ( , 1993 for the period 1987-1991, individual variation in fruit production over 1988-2008 depended closely on differences in flower production (R 2 = 0.679, F 1,50 = 105.7, P < 0.0001), which were in turn directly related to mean plant size (R 2 = 0.200, F 1,50 = 12.5, P = 0.0009). There was significant heterogeneity between substrate types in mean fecundity (χ 2 = 12.50, d.f. = 2, P = 0.0019; Kruskal-Wallis analysis of variance), which increased from rock-(mean ± SE = 10.7 ± 2.7 fruits/plant) through ground-(23.7 ± 6.0 fruits/plant) to cliff-growing plants (69.9 ± 18.1 fruits/plant).
The frequency distribution of individual 20-year cumulative fecundity was strongly skewed to the right, with 88% of plants producing ≤ 60 fruits, and only 9% of individuals producing > 100 fruits (Fig. 1 ). These few, highly fecund individuals alone accounted collectively for nearly half (44.6%) of all the fruits produced by marked plants over the two decades encompassed by this study (N = 1486 fruits).
AFLP loci related to fecundity
A total of 11 logistic regressions relating presenceabsence of individual AFLP markers in a plant genotype to its (log-transformed) 20-year fecundity were statistically significant according to our criterion of keeping the expected number of false-positives < 1 (χ 2 ≥ 9.04, P ≤ 0.0026, q-value ≤ 0.063; expected number of false-positives = 0.063 × 11 = 0.69). Characteristics of the 11 AFLP fragments involved ('adaptive loci' hereafter), estimates and standard errors of regression parameters, and Bayesian credible intervals, are shown in Table 2 . Adaptive loci represented 3.0% of the total of 365 loci assayed, and were about three times more frequent among PstI (8 out of 183 total polymorphic loci, or 4.4%) than among EcoRI combinations (3 out of 182 polymorphic loci, or 1.6%). Regression parameter estimates obtained by maximum likelihood and Table 2 Results of separate logistic regressions relating scores for AFLP loci (1-0, presence-absence) to the log-transformed cumulative number of fruits produced by the N = 52 study plants over 1988-2008. Only results for the 11 loci exhibiting statistically significant relationships according to maximum likelihood tests are shown. Regressions model the probability of marker band presence (i.e. score = 1) as a function of fecundity, hence positive regression parameters denote a positive effect of the dominant allele, and vice versa. See examples in Fig. 2 
Dissecting variance in individual fecundity
Multiple linear regressions of individual fecundity (dependent variable) against the scores of the 11 adaptive loci (independent variables) were highly significant for both raw (F 10,41 = 7.00, P < 0.0001) and log-transformed (F 10,41 = 5.93, P < 0.0001) fecundity data. Coefficients of determination (R 2 ) were 0.631 and 0.591 for regressions on raw and logtransformed fecundities, respectively. On either the original or log-transformed fecundity scale, therefore, the linear combination of scores of the loci identified as adaptive accounted for almost two-thirds of individual variance in cumulative fecundity, a finding that clearly supports the additivity of their effects on fecundity.
The relative contribution of genotype, environment and genotype × environment interaction to individual variance in fecundity was assessed by fitting a random effect model to the data. Individual plant genotypes were described by their scores on PC1 and PC2, the first two axes from a principal coordinates analysis of the pairwise genetic distance matrix based on the 11 adaptive AFLP loci, which accounted altogether for 61% of variance. Substrate type (ground, rock, or cliff) was used as a descriptor of environment. Results are summarized in Table 3 . Genotype as described by PC1 had the greatest contribution to variance in individual fecundity (56%), followed closely by the PC1 × Substrate interaction (38%). Despite the broad confidence intervals of these two estimates, a comparison with the confidence intervals for other effects in the model indicates that most phenotypic variance in long-term fecundity in our study plants was attributable to the joint effects of genotype and the genotype × substrate interaction (Table 3 ). The negligible importance of the residual component of variance (6%) is a remarkable result, for it denotes that the fitted model captured all major sources of variance in fecundity.
The strong genotypic effect on fecundity is due to the close direct relationship between fecundity and PC1 (Fig. 3) . The genotype × environment interaction mainly arises from the significant heterogeneity among substrate types (Table 2) . Each dot corresponds to a plant, and lines are the fitted logistic regression (continuous line) and 95% confidence limits (dashed lines). A small amount of uniform random noise was added to x-coordinates to reduce point overlap.
in the slope of the fecundity-PC1 relationship. Modeladjusted, substrate-specific slopes obtained using the ESTIMATE statement in the MIXED procedure increased steadily from the rock (slope ± SE = 49 ± 19 fruits/PC1 unit, P = 0.13) through the ground (98 ± 23 fruits/PC1 unit, P = 0.049) to the cliff substrate (169 ± 17 fruits/PC1 unit, P = 0.010). As shown in Fig. 3 , the genotype × environment effect is therefore the consequence of substrate-dependent phenotypic expression of the adaptive AFLP loci that contribute to the PC1 axis. Variation in these adaptive loci has little consequences for fecundity in plants that grow on rocks. In contrast, individual variation in the same loci has moderate to high phenotypic consequences in plants that grow in soil and cliffs, respectively. This reveals considerable phenotypic plasticity for fecundity, with genotypes having predictably different fecundities depending on substrate type.
Discussion
Results of this study have shown that genome scans, if used in combination with individual phenotypic data, can be profitably used to quantify the genetic component of phenotypic variation in populations of unpedigreed wild plants growing in the wild. Application of the method to long-term fecundity data for Viola cazorlensis has revealed that the extensive variation in fecundity exhibited by individuals of this long-lived species can almost entirely be statistically accounted for by genetic differences plus genotype × environment effects. We will discuss these two main aspects of our results in the following sections.
Fecundity hierarchies and genetic variance
The highly skewed fecundity distribution found here for V. cazorlensis is similar to that commonly reported by plant demographic studies of shorter duration (Solbrig & Solbrig 1984; Weiner & Thomas 1986) . 'Fecundity hierarchies', characterized by a mixture of a few exceptionally fecund individuals and many producing moderate-to-low numbers of fruits are closely related to 'size hierarchies', and have been considered a 'universal characteristic of all populations of plants' (Solbrig & Solbrig 1984) . A variety of ecological and physiological factors are known to contribute to them, including herbivory, exploitative and interference competition, growth rate, size of the originating seed, microhabitat heterogeneity and, in the case of perennials, age heterogeneity (Burdon & Harper 1980; Antlfinger et al. 1985; Stanton 1985; Waller 1985; Gange & Brown 1989; Herrera 1991) .
The role of genetic differences as determinants of fecundity hierarchies has received comparatively less attention than ecological factors. This may be partly attributed to the discouraging effect of the negative results obtained by a pioneering study by Gottlieb (1977) , who found no relationship between plant size and allozyme genotypes, and interpreted the result as validating 'the ecological practice of ignoring the genotypes of individual plants when accounting for the reproductive activity of a population, even when individuals make very different contributions Table 3 Relative contribution of genotype (PC1 and PC2), environment (substrate type) and genotype × environment (PC1 × substrate and PC2 × substrate) effects to total phenotypic variance in cumulative 20-year fecundity of marked Viola cazorlensis plants. PC1 and PC2 are coordinates on the first two axes from a principal coordinates analysis of the pairwise genetic distance matrix between individuals based on the 11 adaptive AFLP loci shown in Table 2 . Substrate refers to the type of substrate in which each plant was growing (ground, rock, or cliff). Variance components were obtained by fitting a random effect model to the data using restricted maximum likelihood estimation (REML to the seed pool.' Further contributing to the relative neglect of genetic effects in studies of fecundity hierarchies is the widely held theoretical expectation that selection should quickly deplete genetic variance for traits closely correlated with fitness and, consequently, that fecundity differences should be mostly environmental in origin and weakly related to genotypic variation (Falconer 1989; Mousseau & Roff 1987) . Despite this theoretical expectation, however, the few studies that have used quantitative genetics methods to look for the genetic basis of individual differences in size/fecundity in wild plants have often found significant amounts of additive genetic variance for these traits (Antlfinger et al. 1985; Thomas & Bazzaz 1993) . In the forest herb Viola sororia, for example, narrow-sense heritabilities (h 2 ) of plant size, biomass and seed production ranged between 0.28-0.38 (Antlfinger et al. 1985) . Assuming that our estimates of genetic effects on individual variation in fecundity for V. cazorlensis predominantly reflect additive genetic variance , then narrow-sense heritability for fecundity would equal 0.56-0.63 (depending on method), estimated as the proportion of phenotypic variance attributable to variance of genotypic values . Our results thus confirm earlier studies by showing that, when a sufficiently broad range of genotypes are considered, genetic effects often emerge as important determinants of fecundity differences in wild plant populations. Failures to detect this relationship in other studies may perhaps be due to insufficient statistical power due to the small number of genotypes assayed (e.g. Solbrig 1981 ).
The persistence in natural populations of significant amounts of additive genetic variance for traits that, like fecundity, are closely related to fitness remains a challenge in evolutionary genetics, and a number of hypotheses have been advanced to explain it . One of these hypotheses interprets the maintenance of additive genetic variance for fitness-related traits as the outcome of spatial or temporal variation in the fitness effects of alleles that contribute to the trait, that is, to genotype × environment interactions on the trait (Gillespie & Turelli 1989; Turelli & Barton 2004) . Empirical support for this hypothesis is contradictory (Heywood & Levin 1984; Mazer & Wolfe 1992; Young et al. 1994; Stratton & Bennington 1998; Prati & Schmid 2000) , possibly because it is not easy to estimate genotype × environment effects for a sufficiently representative number of genotypes across a reasonably broad environmental range by means of conventional quantitative genetics methods. One strength of the method presented here is precisely that it affords tests of genotype × environment effects on phenotypic traits over roughly the entire range of genotypes and environments occurring naturally in a population, rather than in a limited subsample thereof as usually imposed on quantitative genetics studies by practical limitations. Our results reveal that when a biologically realistic, broad genotype × environment sampling space is considered, strong genotype × environment effects on fecundity can arise, which in the case of the V. cazorlensis population studied here account for as much as 38% of phenotypic variance in fecundity. It is not possible at present to know whether similar results would be obtained for other V. cazorlensis populations.
In our study, genotype × environment effects arose as a consequence of differences between substrate types in the slope of the fecundity-genotype relationship, which was steepest for plants in cliffs, intermediate for those in the ground, and flat and nonsignificant in rocks. This gradient parallels one of ecological 'favourableness' for V. cazorlensis, running from cliffs (the most favourable microsite) through ground (intermediate) to rocks (the most adverse microsite) (Herrera 1989 (Herrera , 1993 . Our results suggest that the extensive genetic variance for fecundity existing in the V. cazorlensis population studied may be explained by the contrasting relationship between genotype and fecundity in different microhabitats, and by the fact that there is not a single genotype that is consistently the best at all substrates (Gillespie & Turelli 1989; Turelli & Barton 2004) . Since the three microhabitats are closely intermingled in space and presumably connected by extensive gene exchange via pollen and seeds, we hypothesize that the lack of a relationship between genotype and fecundity among rock-growing plants may contribute to maintain in the population alleles that would eventually be eliminated by selection at the other microhabitats, where fecundity and genotypes are significantly related. Rock-growing plants, representing about 40% of individuals at the study population (Herrera 1989) , might thus be playing the role of local reservoirs of genetic diversity where unfavourable alleles remain 'hidden' to the eroding action of selection. Even though rock plants have lower maternal fecundities (Herrera 1993) , they are expected to sire part of the seeds produced by the more fecund individuals in the other two substrates, which would contribute to maintain unfavourable alleles in the latter's progeny as envisaged by the hypothesis.
Genome scan at the within-population level
Most recent genome scans on wild plants have adopted a population-genomic approach, using DNA markers to screen the genomes of individuals from different populations (Black et al. 2001) . In that implementation of genomic scan, loci subject to selection are sought ('outlier loci') that exhibit distinguishing signatures of selection in comparison to neutral ones. The identification of such outlier loci depends heavily on particular genetic models (Beaumont & Nichols 1996; Luikart et al. 2003; Beaumont & Balding 2004) . The potential usefulness of genomic scan in evolutionary studies of wild plants is not limited, however, to questions framed at the between-population level. The method can also be used to address important evolutionary questions at the within-population level. In particular, we expect genomic scan of wild individuals of known phenotypes to be helpful to unravel evolutionary processes currently taking place within populations like selection and local adaptation, as well as to estimate important genetic parameters when other methods are not applicable, as shown in this study. Like between-populations implementations, within-population applications of genomic scan also rely on some assumptions. The most important of these is that the set of loci found to be statistically related to individual variation in phenotypic traits (named adaptive loci here) are functionally related to such variation (or closely linked to loci functionally affecting such variation) and can be used as valid descriptors of individual genotypes. In the case of AFLP markers, several lines of evidence show that this assumption will hold true in many instances: (i) high-density linkage maps often reveal a close proximity of AFLP markers to quantitative trait loci (QTL) or genes with known functionality (Raman et al. 2002; Herselman et al. 2004; Yuan et al. 2004; Papa et al. 2007 ); (ii) AFLP allelic frequencies are responsive to artificial divergent selection on quantitative traits (Cameron et al. 2003; Jump et al. 2008) ; and (iii) studies on populations of the same species combining phenotypic information with population-genomic scans often reveal concordant phenotypic and AFLP variation (Klappert et al. 2007; Herrera & Bazaga 2008) .
We found 11 AFLP loci significantly related to long-term fecundity of individual V. cazorlensis plants. Genotypic variation involving these loci accounted for nearly two-thirds of individual variance in fecundity, which denotes a strong genetic effect on fecundity. The genotype × environment effect accounted for an additional 38% of fecundity variance. The model fitted to the data accounted for as much as 94% of total variance in fecundity occurring in the sample, which is a remarkable finding in view of the low levels of explained variance commonly obtained in ecological and evolutionary studies (Møller & Jennions 2002) . These results attest to the explanatory capacity of the variables included in the model and the validity of our method in the case of V. cazorlensis. In addition, the finding that a few loci account for a large proportion of phenotypic variance is consistent with expectations from theoretical models that predict an exponential distribution of effect sizes of individual loci (Orr 1998; Farrall 2004) . Under this 'exponential model' of locus effect distribution, quantitative variation is determined by a few quantitative trait loci of relatively large effects and an increasing number of genes of progressively smaller effects. This predicted unequality of individual loci effects is apparent even in the restricted set of 11 adaptive loci found in this study. The three loci with the strongest effects on fecundity as judged from their logistic regression parameters (loci 143, 268 and 323; Table 2), accounted collectively for 47.6% of total variance in fecundity, while the remaining eight loci accounted altogether for only 15.5%. Each locus in the large-effect group thus explains, on average, 15.9% of phenotypic variance in fecundity, while each locus in the small-effect group explains only 1.9%, a difference of roughly one order of magnitude.
The ability of within-population genomic scan to produce reliable estimates of genetic and environmental variance components of phenotypic traits will depend on both the accuracy of the phenotypic representation of individuals and the number of adaptive loci identified. In long-lived plants, phenotypic traits of individuals frequently fluctuate between years, as found for fecundity and morphometric traits in V. cazorlensis (Herrera 1993) . In these cases, using long-term average phenotypes to characterize individuals may prove essential for identifying phenotype-genotype relationships. The fact that fecundity estimates used in this study are based on 20 years of data has probably enhanced the likelihood of identifying fecundity-related markers. It must be noted, however, that similar results involving essentially the same AFLP markers were obtained when analyses were conducted separately on two subsets of fecundity data each lasting for 10 years (results not shown), which points to the robustness of the method even for more usual data sets spanning shorter periods. The greater the number of adaptive loci identified, the more accurate the genotypic characterization of individuals that can be achieved and hence the likelihood of detecting phenotypegenotype relationships. In this study, adaptive loci represented 3% of total AFLP fragments assayed. This proportion is similar to that of outlier loci reported in population-genomic scans based on AFLP markers (Herrera & Bazaga 2008 , and references therein), which suggests the possible rule of thumb that at least several hundred polymorphic AFLP markers should be used in genome scans of wild plants. It may be intuited, however, that everything else being equal the expected number of adaptive loci will be inversely related to genome size. No information is available on the genome size of V. cazorlensis, but it is probably of small size in view of the low C-value (1.35 pg) of the congeneric Viola riviniana (Bennett & Leitch 2004) . Larger genomes may require a larger number of polymorphic markers than used here.
The number of primer combinations and particular restriction enzymes used can also influence results of genomic scans. In this study, the proportion of adaptive loci varied between primer combinations, a finding suggesting that better results are to be expected with diverse arrays of primer combinations (Herrera & Bazaga 2008 , and references therein). We found differences between combinations having Pst and Eco as rare-cutter enzymes (eight and three adaptive loci, representing 4.4% and 1.6% of total loci in each group, respectively). At least in V. cazorlensis, combinations using Pst should therefore be preferred over those using Eco to maximize the likelihood of identifying adaptive loci with significant effects on quantitative traits. Observed differences between the two restriction enzymes in the likelihood of identifying adaptive loci are probably related to the fact that Pst is sensitive to DNA methylation while Eco is not. Consequently, Pst-based markers are expected to concentrate in gene-rich, transcriptionally active genomic regions, thus enhancing the likelihood of close linkage to quantitative trait loci (Vuylsteke et al. 1999; Yuan et al. 2004) .
Concluding remarks
This paper has shown that explorative genomic scans conducted within populations can be used to quantify the genetic component of individual phenotypic differences and estimate trait heritabilities under natural conditions in species that are not amenable to conventional quantitative genetics methods. In this respect, our method provides an alternative to procedures that estimate trait heritability in the field by inferring pedigrees through estimation of relatedness (Ritland 1996 (Ritland , 2000 (Ritland , 2005 Garant & Kruuk 2005; Fernández & Toro 2006) . By exclusively focusing on the strength of the statistical relationship between putative adaptive loci and phenotype, the method implemented in this study is free from the assumptions that may limit the application of procedures based on estimating relatedness between individuals. Interestingly, however, the heritability estimate for fecundity obtained from our data with Ritland's relatedness estimator for dominant markers implemented in program Mark (Ritland 2005 ) was 0.47, which falls close to values obtained with our method (0.56-0.63).
Although these aspects have been not considered explicitly in this paper, some of our results are relevant to the study of selection in natural populations. Population genomic approaches applied to multiple populations are useful to infer adaptive divergence by identifying the signatures left by selection on the allelic frequencies of adaptive loci. Within-population genomic scans may complement these studies by providing direct evidence of the shape and strength of local selection currently acting on quantitative traits and their associated adaptive loci. Assuming a diallelic nature for AFLP markers, relationships between adaptive loci and individual fecundity found in this study suggest that some alleles will be over-represented, and others under-represented, in the seed bank of the local V. cazorlensis population, and presumably also in the next generation, in comparison with their current allelic frequencies in the adult population. This falls close to providing a parsimonious, direct proof of ongoing local selection. If relationships could be identified linking fecundity-related loci with some phenotypic traits of interest (e.g. floral morphology, physiological traits), then identifying instances of current selection on such traits would become relatively straightforward. Future studies will examine these possibilities for the V. cazorlensis population studied here.
